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ABSTRACT

The U.S. Department of Defense has implemented an initiative to become more
energy efficient across all services. The Naval Postgraduate School supported
development towards this goal by studying the possibility of energy generation using
waste heat recovery within shipboard gas turbine engine exhaust. This research included
the development of a heat exchanger ultimately to use compressed CO2 as the working
fluid to run a Brayton cycle. In support of this research, this thesis continued previous
research regarding the Rolls Royce M250 helicopter engine and the heat exchanger
previously designed. The heat exchanger was modified and the coils replaced using
lessons learned from the previous iteration, and a second heat exchanger was built to
match the first. The heat exchangers were installed on the engine’s dual exhaust in order
to gather measurements to determine how they would affect engine performance. The
heat exchangers were tested using nitrogen to determine effectiveness. Additionally, a
centrifugal compressor volute was designed utilizing a commercial impeller. An ANSYS
CFD model was developed and tested to create a map of the compressor’s performance
utilizing air. The compressor was then manufactured using 3D printing technology and
run using an independent electric motor so that the compressor and turbine can be run
uncoupled at different speeds. This thesis was critical in the continuing development of a
shipboard waste heat recovery system.
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l. BACKGROUND

A. ENERGY NEEDS OF THE U.S. NAVY

The Department of Defense (DoD) is the nation’s largest consumer of energy. In
FY2016 the DoD consumed 86 million barrels of fuel [1]. Of that number, the U.S. Navy
consumed 28.5 million barrels of fuel, or 33.26% of the total. From a 2010 memorandum
of understanding between the DoD and the Department of Energy, “Energy efficiency
could serve as a force multiplier, increasing the range and endurance of forces in the field
while reducing the number of combat forces diverted to protect energy supply lines, as well
as reducing long-term energy costs” [2]. Because of this, the DoD has launched several
energy initiatives to improve energy efficiency and reduce the consumption of fossil fuels.
In support of these initiatives, the Department of the Navy aspires to have 50% of all energy
for installations produced by renewable methods by 2020 [3]. It is clear the Navy has a

vested interest in reducing fuel consumption without reducing fleet capabilities.

B. WASTE HEAT RECOVERY ON U.S. NAVY SHIPS

Improving energy efficiency on ships can be a daunting task. The common
renewables of solar and wind are not feasible for Navy ships, both because of the lack of
deck space available for solar panels and the high profile of wind turbines. One method
that could potentially be retrofit onto any platform is waste heat recovery. The Ticonderoga
class of U.S. cruisers had such a system installed on all 27 ships of the class. The systems
operated on the Rankine Cycle, using boilers to generate steam to be used for ship services
such as heating, laundry and galley equipment. The systems were plagued by high
operational costs due to the steam’s corrosive nature as well as a reduction in stability
caused by the additional weight high above the ship’s center of gravity. As a result, these
systems were removed during the “all-electric modification,” replacing the waste heat
boilers and associated equipment with electrical appliances [4]. Future systems would have

to be non-corrosive and lightweight.

This project seeks to design a waste heat recovery system based on the Brayton
Cycle utilizing carbon dioxide as the working fluid instead of wet steam. A diagram of this
1



end state is shown in Figure 1. Additionally, this project seeks to decouple the compressor
and turbine by connecting them to electric motors, allowing them to spin independently at
different speeds specific to their on-design points. This serves a dual purpose of also
generating recovered energy locally at the heat exchanger in the form of electricity,

removing the need for intricate piping throughout the ship.

Closed-Loop CO, Brayton Cycle

=

Compressor

Waste Heat

Exchanger

Condenser Generator
Figure 1. IHlustration of Project End State
C. PRECEDING THESIS WORK
1. “Waste Heat Recovery Carbon Dioxide Heat Exchanger for Gas

Turbine Engines”: Polsinelli

Polsinelli [5] created a cylindrical heat exchanger design that consisted of four coils
installed concentrically within. This design allowed for flow in either series or parallel.
Polsinelli also analyzed his heat exchanger design utilizing computational fluid dynamics
(CFD) to determine both the effectiveness of the heat exchanger and any detrimental

influence on the engine. His design maximized the recovery of heat while minimizing the
2



impact on performance. His work also included the exhaust ducting and bell mouth for the
Roll Royce M250 T63-A-720 gas turbine engine used for testing components for this

thesis.

2. “Waste Heat Recovery System for a Gas Turbine Engine and Carbon
Dioxide Compression Simulation: Buck

Buck [6] took Polsinelli’s heat exchanger design and manufactured the first
prototype. This prototype was mounted on one of the two exhaust ducts for the T63 engine
and engine performance tests were run where measurements were then compared to the
baseline. Buck also initiated the design for the Brayton Cycle’s centrifugal compressor by
making a CFD model of the impeller housing using a commercial turbocharger compressor

impeller.

D. GOALS AND OBJECTIVES

Using lessons learned from the previous iteration of the heat exchanger, the
manufacturing and design process was modified to improve consistency across each design
iteration and reduce the damage to the coils sustained through the bending process. A
second heat exchanger was built to match the updated design so that both exhaust ducts for
the T63 engine would experience a similar back pressure and reduction in flow. The new
heat exchangers would both be mounted on the engine so that the performance degradation
could be adequately measured across the engine’s operating envelope. The performance of
the heat exchanger was also determined. A gas distribution system and associated
instrumentation were added so that an effectiveness of the heat exchanger was calculated.
Nitrogen gas was initially tested because of its ready availability and carbon dioxide would

follow.

To accomplish the above tasks, the data acquisition system was modified to
increase measurement accuracy and sampling rate as well as including a standard deviation
routine to provide the user an indication of data outside the expected norms. The data would
need to be output into a file format that could be used in any post processing program.
Finally, the program should output the raw data to provide transparency for the processed
data such that it could be verified independently.

3



Separately, the centrifugal compressor design was advanced by designing the
diffuser and volute, resulting in a completed prototype for testing. The compressor would
also have to be assembled and the necessary components selected and procured or designed
as necessary. Finally, a CFD model was produced for the volute to predict performance so

the design could be adapted and improved with tangible data.



Il. HEAT EXCHANGER MODIFICATION

A. PREVIOUS THESIS WORK

The previous heat exchanger prototype designed by Polsinelli [5] and manufactured
by Buck [6] consisted of 4 stainless steel tubes each coiled 9 times at a diameter of 15.24,
20.32, 25.4, and 30.48 cm (6, 8, 10, and 12 inches). Each tube has an inner diameter of
0.762 cm (0.3 in) and was coiled using a Baileigh Ring Roller R-M5. Each tube was
combined concentrically inside of a clamshell assembly consisting of two halves that were
approximately 60.96 cm (2 feet) tall. On one half of the clamshell there were 8 openings,
4 on the top right and 4 on the bottom left as a means to allow the coil ends to pass through
the shell. For the counter flow parallel configuration, the top holes would be the inlet and
the bottom holes would be the outlet. Each opening would have a brass bushing to hold the
coils in place; each bushing was held in place by a spring pin. These holes were built within
a plate with the same radius of curvature as the clamshell which was secured by threaded
screws to prevent hardware from coming loose due to engine vibration and falling into the

engine. The top of the heat exchanger was topped with a conical nozzle.

Inside the heat exchanger, the coils were held in place using stainless steel braces
that consisted of two plates with holes that would clamp around the tubing. These were
secured together with rivets and screwed to the clamshell. Each brace was installed

approximately 60 degrees apart and placed equally from top to bottom.

Due to manufacturing difficulties as shown in Figure 2, several changes were
identified to improve on Polsinelli’s design. The first involved the orientation of the coil
ends to the inlet and exit holes on the clamshell. The initially chosen diameters of the coils
required excessive bends to be incorporated in order to align the tube ends with the inlet
and outlet holes, often resulting in kinking as shown in Figure 2. The spring pins used in
the initial design to hold the coil bushings in place were found to fall out during engine
runs resulting in one instance of a bushing being blown off the coil tube end and across the

engine test cell. Lastly, the screws used for assembling the two clamshell halves of the heat



exchanger were found to seize and oxidize due to the high temperatures. This made it
difficult to disassemble the units for configuration changes and design improvements.

Figure 2. Previous Heat Exchanger Design



B. DESIGN MODIFICATIONS

After observing the amount of bending the tubing required to be fit through the
holes in the clamshell, the design was modified to use 10.16, 15.24, 20.32, and 25.4 cm (4,
6, 8, and 10 inch) coils. Each was coiled 9 times as before and stretched to approximately
60.96 cm (2 feet). This modification allowed the tubing to enter and exit the clamshell in a
more tangential direction relative to each coil’s circumference, thus eliminating the
“alignment” bending required and the associated obstructions to the flow it caused as seen

in Figure 3.

After the coils were modified, the internal clamps had to be modified as well to
accommodate the smaller diameters. To prevent the tubing and bushings from coming
loose due to vibrations, the spring pins were replaced with set screws. To prevent seizing,
all screws were replaced with high temperature screws and installed using anti-seize

compound.

Figure 3. Modified Heat Exchanger



C. SECOND HEAT EXCHANGER

At the start of this thesis, one of the design goals was to modify the exhaust nozzle
outlet diameter to reduce the backpressure on the engine while maximizing the
effectiveness of the heat exchanger. However, with two exhaust ducts from the power
turbine, any modification to one exhaust would be accompanied by a change in the flow in
the other. Therefore, a second heat exchanger was needed to ensure the exhaust flow was
predictable to allow for future design modifications.

While producing the modified heat exchanger, each component was duplicated
using the same construction methods. This was intended to keep the designs as consistent
as possible. Therefore, each coil was produced in pairs using the same coil settings. Figure
4 shows the completed heat exchangers installed on the engine exhaust.

y
:

Figure 4. Heat Exchangers Installed on Engine Exhaust



D. RESULTS
1. Limitations of the Manufacturing Process

The Baileigh Ring Roller R-M5 was a manual tube coiler machine that has two
screws for setting the coil diameter. There were no fixed intervals or settings, so the were
made by trial and error. Any misalignment in the feeding process would result in a change
in coil diameter. The coils also had to be stretched manually, and the tighter the coil
diameter the more rigid it became. This resulted in coils that were of varying heights and

required further stretching and compression to keep the spacing consistent.

The clamshell components were welded together and could not be modified without
replacing the component entirely. This lead to misalignment in the clamshell bolt holes and
caused difficulty in assembling the final product. The inlet and outlet holes for the tubing
were still assembled at a greater angle than the original design required due to limitations
in the manufacturing process. All these aspects provided for possible design modifications

for future work.

2. Final Product

In the end there were two completed heat exchangers that were similar enough for
experimentation. They were fitted with exhaust nozzles of the same diameter as well as
outfitting of instrumentation ports placed before and after the coils. The improvements
resulted in a smoother flow path of the tubing, reducing those losses that would result from

the excessive bends.
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I11. DATA ACQUISITION SYSTEM

A. PREVIOUS WORK

Belna [7] did thesis work in support of the NPS Transonic Compressor test rig. His
goal was to create a data acquisition (DAQ) system using MATLAB to take temperature,
pressure, and mass flow measurements for the test rig. With some modifications his code
was valuable for creating a DAQ system for the Marine Propulsion Laboratory’s T63 Gas
Turbine Engine. Belna utilized National Instruments (NI) hardware for temperature and
mass flow measurements as well as Scanivalve Digital Sensor Arrays (DSAS) for pressure
measurements. His program was used as the basis for the DAQ system used for this engine
project. The MATLAB code used for this thesis is included in Appendix A

B. MATLAB CODING
1. Temperature Measurements

Temperature measurements were collected using K-Type thermocouples connected
to an NI-9214 Module. Each module accommodated 15 temperatures since the module had
16 channels but the 0™ channel could not be used in MATLAB. The T63 required 11
thermocouple readings for various engine performance parameters and the heat exchanger
required 8. Two NI-9214 modules were used, the first one for the engine measurements
and the second for the heat exchanger’s cold side. The NI hardware was read into
MATLAB using the Data Acquisition Toolbox.

Within MATLAB, the temperature code created a data acquisition session using
the dag.createSession(“NI’) command. Thermocouples were added to the session using the
addAnaloglnputChannel command, and they were designated as K-Type thermocouples
with units of Kelvin. A listener was created with the addlistener command to monitor these
channels in real time. A separate function was created to recall the data and output it to a
global variable. When the code was run, the startBackground command was used to
initialize the DAQ session in the background.

11



2. Pressure Measurements

Pressure measurements were taken using the Scanivalve DSA 3217 pressure bricks.
Three pressure bricks were used; 2.5, 17.2, and 689.5 kPa (10 inH20, 2.5 PSID, and 100
PSID) to ensure adequate resolution was available. This hardware interfaces with
MATLAB’s instrumentation control toolbox. The T63 engine required 14 pressure
measurements: 2 for the bell mouth inlet, 2 for the compressor and 10 on the exhaust ducts.
An additional two ports were utilized for the cold side of the heat exchanger, one at the

inlet manifold and one at the exit manifold.

The pressure bricks operated through objects that were created and assigned to the
IP address of each brick. Standard settings were designated using the fprintf command for
each brick. The instantaneous pressures were read using the fscanf command and output

into vectors. These vectors were combined into a single matrix for processing and output.

3. Mass Flow Measurements

Mass Flow readings for the heat exchangers were taken using ValuMass Thermal
Mass 400 Series Flowmeters and the raw voltages were read directly into MATLAB with
an NI 9201 module and the data was output alongside temperatures. Calibration data was

obtained by comparing the readout to the output voltages.

4, MATLAB Script Layout

The general plan for the code was initially to take the temperature and pressure
measurements at the same time within the same for-loop. This utilized the fscanf command
for the pressure bricks and the inputSingleScan command for the temperature modules.
The inputSingleScan command ended up taking a significant amount of time to execute

which increased linearly with each additional channel utilized.

In order to speed up execution, a listener function was introduced to allow the NI
hardware to gather data in the background. Upon testing, it became clear that without a
pause of at least 0.1 seconds, there would be no NI data output to the workspace for
processing. By setting the DAQ scan rate to 1 scan per second, the function could be easily

synchronized to the pressure for-loop. This was done by calculating the time it took to

12



gather the pressure readings using the tic/toc commands and forcing the loop to pause for

the remainder of the second.

An additional time-saving measure that was implemented was to preserve the
listener and DAQ session variables between runs using the “clearvars” command which
allowed specification of variables to keep. The code was modified to check to see if these
variables existed before running the lines of code that created them. As a result, the first
run after clearing all variables would take approximately 22 seconds just to build and
execute the DAQ session variable, but all subsequent runs would skip this step entirely.
There was no need for these variables to be rebuilt with each run of the code. Each time
the session was stopped with the “stop” command, it could be restarted from the beginning

with the “startBackground” command.

5. Local Functions

The script took advantage of several local functions defined at the end of the script.
The first of these functions was run at the beginning of each execution to define date and
time stamps for the run. These were later used to provide unique names for each data point
to assist with data processing. The date stamp was also used to define the data output files

which were created in the second local function.

The second local function took the date and time stamps from the first function and
generated unique data output files for each day. Each time the function was called, it
checked to see if the file containing that day’s date stamp exists and if it didn’t, the function
created it. This function also defined the first lines of each file which correspond to
channels and ports for the output data. The files were tab-delimited, so they could be read
into any program that accepts such files, such as Excel or MATLAB depending on user

preference.

The final local function took the raw data from the main script and generated the
output files for each type of data. There were 6 output files which were clearly defined by
the second local function by name. The NI data was separated into temperature and voltage
data, and each of these were accompanied by their relative standard deviations (4 files).
The pressure data was consolidated into a single file and was accompanied by a relative

13



standard deviation file as well (2 files). The final 2 files are the raw data output files, one
for the NI hardware and one for the Scanivalve hardware. These raw files ensure
transparency so that no calculations are done in the background that could not be verified
independently.

14



IV. ENGINE AND HEAT EXCHANGER TESTING

A INSTRUMENTATION

The T63 engine, as shown in Figure 5, was tested under two configurations to
evaluate the effect of heat exchangers on performance; a standard configuration with two
unmodified exhaust ducts and two ducts incorporating the heat exchangers on each. For
both configurations, the engine had thermocouples for measuring temperatures at the
compressor inlet, compressor outlet, gas generator turbine exit (T5), and the left and right
exhaust (power turbine exit). There were also pressure taps located at the compressor inlet
for total and static, the compressor outlet static, and the left and right exhaust static

pressures.

- o
Static Pressure — ¢
\ tha

Compressor Inlet Compressor Outlet Combamtion Sechon : -
Total Temperature 5 Total Temperature TS _—_ —H Ternperature i
] ; : L, H :
=

Compressor Inlet Compressor
Static Pressure Outlet Pressurs

Figure 5. Engine Diagram with Instrumentation. Adapted from [6].

For the standard configuration, there were 4 pressure taps along the length of the
exhaust as well as 4 temperature probes. This was to obtain an adequate temperature and
pressure profile for the exhaust ducts for comparison to the heat exchanger configuration
to determine if significant backpressure and temperature profiles were present.

15



For the double heat exchanger configuration, there were insufficient
instrumentation ports to include both thermocouples and pressure measurements as was the
case for the unmodified duct configuration. Additionally, temperature measurements
before and after the heat exchanger were required so that an effectiveness could be
calculated. This meant that in order to obtain representative temperature and pressure data,
one heat exchanger needed to be fit with thermocouples and the other with pressure taps.
For this experiment, the right heat exchanger had thermocouples and the left had pressure
taps. The right heat exchanger would be used to test the heat exchanger effectiveness by
running Nitrogen through it, while the left heat exchanger would be used to determine the
pressure drop. For analysis purposes, the pressure drop through the heat exchanger was
assumed to be the same in each heat exchanger. The heat exchangers with their associated

instrumentation are shown below in Figure 6.

L Static Pressure §

Figure 6. Dual Heat Exchanger Configuration
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The heat exchanger cold side had its own instrumentation measurement system.
Compressed nitrogen was fed into a manifold where the flow was divided in four lines.
Static pressure was measured at the manifold. Each line had its own mass flow meter and
thermocouple. The flow in each line could be individually controlled by solenoid valves.
This setup is shown in Figure 7. At the exit of the heat exchanger there were four more
thermocouples, and each line was fed back into another manifold where another pressure
measurement was taken. The nitrogen was then throttled through a valve and dumped to
the ambient surroundings above the heat exchanger exhausts. This setup is shown in Figure
8. In all, the cold side added eight additional thermocouple channels, 2 pressure taps, and
4 voltage readings for mass flow measurements to the instrumentation code.

Figure 7. Heat Exchanger Cold Side Inlet Instrumentation
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Figure 8. Heat Exchanger Cold Side Outlet Instrumentation

B. ENGINE TESTING

Engine testing was based on three pre-defined gas generator speed lines as shown
in Table 1. For each speed line, 5 operating points were chosen. N1 corresponds to the gas
generator compressor speed, N2 corresponds to the power turbine speed, and ND

corresponds to the dynamometer speed which was used to apply a load to the engine.

Table 1.  Engine Testing Speed Configurations

N1l ND | ND | ND | ND | ND
(RPM)|(RPM) | (RPM) | (RPM) | (RPM) | (RPM)
40890 (80%)| 3600 | 4200 | 4800 | 5400 | 6000
46000 (90%)| 3600 | 4200 | 4800 | 5400 | 6000
51000 (100%)| 3600 | 4200 | 4800 | 5400 | 6000
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The data is reported in Table 2 below for the case with no heat exchangers
compared to the case with both heat exchangers installed. On the 100% speed line (51,000
RPM on N1) there was a maximum 10.8% reduction in power.

Table 2.  Engine Power Change

ND Baseline Heat Exchangers Percent
(RPM) (kW) (kW) Change
3600 237.43 217.04 -8.59%
4200 252.87 229.15 -9.38%
4800 269.94 244,71 -9.35%
5400 281.20 250.91 -10.77%
6000 290.38 259.69 -10.57%

The heat exchangers also influenced the Brake Specific Fuel Consumption (BFSC),
resulting in a maximum increase of 7.13%. These values are summarized in Table 3 and

plotted in Figure 9 below.

Table 3. Engine BSFC Change

ND Baseline Heat Exchangers Percent
(RPM)|  (kg/kw-hr) (kg/kw-hr) Change
3600 0.418 0.439 5.01%
4200 0.384 0.404 5.19%
4800 0.364 0.388 6.72%
5400 0.352 0.378 7.25%
6000 0.345 0.370 7.13%
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Figure 9. Power and BSFC vs. ND Speed

The effect of the heat exchangers on the backpressure at the turbine exit was also
measured to account for any performance reduction. The backpressure change was

consistent across each data point, with a maximum 2.79 kPa increase in absolute pressure.

Table 4.  Engine Change in Backpressure at Power Turbine EXxit

ND Baseline Heat Exchangers AP
(RPM) (kPa) (kPa) (kPa)
3600 101.08 103.63 2.56
4200 101.02 103.58 2.56
4800 101.17 103.87 2.69
5400 101.51 104.31 2.79
6000 102.23 104.62 2.40

20



C. HEAT EXCHANGER TESTING

The heat exchanger was tested by running the engine at the 100% speed line and
running compressed nitrogen through the coils. During the run it was discovered that there
were several leaks in the heat exchanger clamshell that dumped hot exhaust gases over the
instrumentation. Thermocouples had to be replaced several times before identifying the
issue. As a result, the measured outlet temperatures for the heat exchanger may have been
compromised as a result of hot exhaust gasses on the thermocouples. The final engine run
resulted in the four outlet thermocouples melting as well as the pressure tap. The setup of
the manifold and all instrumentation for the cold side outlet will need to be modified for
future experimentation. However, the data is summarized below in Tables 5. Effectiveness
was calculated utilizing Equation 1 which is the common form of the effectiveness equation
used in many heat transfer texts. Tco, Tci, and T are the temperatures at the cold side
outlet, inlet, and hot side inlet, respectively. Cc and Cmin are the heat capacities for the cold
side fluid and the minimum of the hot and cold side heat capacity, respectively. Table 6
shows the change in temperature of the nitrogen gas as it passed through the heat
exchanger.

Ce (T = T
Conin (T — T1)

min

&g =

1)

Table 5. Heat Exchanger Coil Effectiveness vs. Engine ND Speed

Size
(cm)

3600
(RPM)

4200
(RPM)

4800
(RPM)

5400
(RPM)

6000
(RPM)

10.16

58.22%

36.24%

37.97%

38.47%

39.06%

15.24

29.84%

38.13%

39.28%

40.80%

39.91%

20.32

29.70%

40.88%

45.68%

44.63%

38.85%

25.4

38.58%

59.60%

63.22%

68.17%

71.771%
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Table 6. Heat Exchanger Coil Temperature Change vs. Engine ND
Speed

Size| 3600 | 4200 | 4800 | 5400 | 6000
(cm)| (RPM) | (RPM) | (RPM) | (RPM) | (RPM)
10.16] 345.79 | 210.77 | 223.71 | 228.33 | 232.88
15.24] 177.13 | 221.67 | 231.32 | 242.06 | 237.85
20.32] 176.28 | 237.59 | 269.00 | 264.75 | 231.52
25.4] 165.16 | 216.89 | 227.88 | 240.26 | 248.83

Temperatures are degrees Kelvin
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V. COMPRESSOR VOLUTE DESIGN

A. BACKGROUND

For the overall goal of the CO2 Brayton Cycle, a compressor needed to be designed.
Centrifugal compressor volutes are typically designed from a manufacturability
perspective. They are often cast which makes design changes difficult and costly. Using
3D printing technology, the volute could be made at minimal cost and allow flexibility for

a quick turn around when improvements to the design are made.

Buck [6] designed an impeller housing around a commercial turbo charger
compressor impeller. This thesis sought to design a volute into which that impeller housing

would discharge.

B. INITIAL VOLUTE DESIGN

One study conducted by Xu and Muller [8] suggested that the tongue design was
critical for performance. In that study they investigated several tongue geometries, each
relating the radius of the tongue, r, to the height of the impeller exit, b (Figure 10). They
tested 4 tongue designs and found that a sharp tongue provided the absolute peak
efficiency, but a rounded tongue provided better off-design performance and better flow

characteristics.

Because this compressor would be for a Brayton Cycle that has yet to be designed,
a rounded tongue was selected for its better off design performance. This was to facilitate
testing since the flow characteristics in the heat exchanger would need to be mapped to
identify the best performance parameters. For simplicity, a 1 mm radius was selected. The
impeller exit height was 4.8 mm for comparison, which resulted in an r/b = 20.8%. Figure
10 shows the volute tongue as drawn and tested.
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Figure 10. Tongue Designed Using Circular Fillet

The design was developed using SolidWorks. The initial impeller housing
developed by Buck was used as the basis for the volute. In her design, the turbocharger
compressor impeller was scanned into a SolidWorks model and the housing was built
around it to ensure a good fit. For the volute, the external shape including the base flange
was produced by creating a cross section and revolving it around the centerline. To form
the internal volute, 8 circles of graduated diameters were drawn 45 degrees apart from each
other, starting at 25.4 mm (1 in) and ending with the impeller exit height of 4.8 mm (0.189
in). The circles were tangent to the base plane and were kept equidistant from the center
using a base circle. These circles were then used to create a lofted cut through the external
shape to create the circular cross section. The sketches described are shown in Figure 11.
A simple rectangular revolved cut was used for the vaneless diffuser. To finish the model,
the outlet was extruded from the 25.4 mm (1 in) circle and was a constant diameter. The
base circle was 37.4269 mm (1.4735 in) in diamet